A Mn-oxidizing fungus was isolated from a constructed wetland of Hokkaido (Japan), which is receiving the Mn-impacted drainage, and genetically and morphologically identified as Paraconiothyrium sp.-like strain. The optimum pHs were 6.45-6.64, where is more acidic than those of previously reported Mn-oxidizing fungi. Too much nutrient inhibited fungal Mn-oxidation, and too little nutrient also delayed Mn oxidation even at optimum pH. In order to achieve the oxidation of high concentrations of Mn like mine drainage containing several hundreds gÁm À3 of Mn, it is important to find the best mix ratio among the initial Mn concentrations, inoculumn size and nutrient concentration. The strain has still Mn-tolerance with more than 380 gÁm À3 of Mn, but high Mn(II) oxidation was limited by pH control and supplied nutrient amounts. The biogenic Mn deposit was poorly crystallized birnessite. The strain is an unique Mn-oxidizing fungus having a high Mn tolerance and weakly acidic tolerance, since there has been no record about the property of the strain. There is a potentiality to apply the strain to the environmental bioremediation.
Introduction
Treatment of manganese-rich mine water is difficult and costly, because a large amount of drainage generated continuously and must be treated, generally through a three-step chemical process. The process consists of alkalization to a pH above 8.5, oxidation of Mn (II) ions into Mn oxides through aeration, and neutralization before discharge of the treated water into rivers. Deposition of manganese in neutral environments suggests that the application of biological treatment to Mn-rich water is a promising subject. It is an interesting process also in view of the perspective of monitoring the natural attenuation of contamination. Many investigators have reported the biologically induced formation of manganese deposits. [1] [2] [3] In such places, pH is mostly in the range of 6-8 where Mn (II) ions are not capable to be chemically oxidized by oxygen. Several kinds of Mnoxidizing bacteria, such as Leptothrix, Arthrobactor, Bacillus, Pseudomonas, Micrococcus, 4) and a few kinds of Mnoxidizing fungi, 5, 6) were isolated from fresh water, sea water, hydrothermal vents and sediments, and identified by morphological and genetic investigations.
Generally Mn-oxidizing fungi have faster Mn-oxidizing rates and higher tolerance to the dissolved Mn than Mnoxidizing bacteria. It has been reported that the fungal Mn oxidation by Phoma sp. could be observed at initial Mn(II) ion concentrations up to a maximum of 125 gÁm À3 . 6) Besides, the maximum Mn-oxidizing rate for the strain KR21-2 of the Acremonium-like hyphomycete fungus revealed at 165 gÁm À3 of the initial Mn(II) ion concentration was reduced to nearly zero at 275 gÁm À3 . 5) On the contrary, the optimum condition for the Mn-oxidizing bacteria Leptothrix discophora was around 8 gÁm À3 of the initial Mn ion concentration, which is under the maximum contamination limit (MCL) for Mn in discharge water in Japan. The fungal cell wall, which is mainly composed of chitin, is mechanically stronger than that of bacteria and has a superior capacity for the accumulation of fine particles. These make it advantageous to recover Mn precipitates by fungal oxidation. In addition, biogenic Mnoxides have significantly higher adsorption capacity for metals and larger surface areas than chemically precipitated Mn oxides. 7) Such biogenic precipitates may contribute not only in controlling the mobility of metals in natural sediments, but also in acting as a catalyst for environmental remediation.
We have isolated and identified several kinds of Mnoxidizing fungi from a constructed wetland which has been receiving Mn-rich water for three years. In the present work, the strain having the fastest Mn-oxidizing rate was selected, and its optimum pH, Mn-tolerance level, and the requirement of organic carbon sources were investigated.
Materials and Method

Isolation and identification of microorganism
Samples were taken from sub-surface water in the constructed wetland in Jokoku, located in the southern Hokkaido in Japan on 24 Several strains of Mn-oxidizing fungus were isolated. When Mn(II) ions are not supplied to the medium, any brownish colony was not developed on the medium inoculated three strains. Some strains did not show Mn(II) oxidation in liquid medium with the same composition as in the above, therefore, was deleted for the following experiments. In the present work, one strain having the best performance of Mn-oxidizing activity was selected to examine the characteristics of the fungal Mn-oxidation in details.
The morphological characteristic of the strain was observed by microscopy, showing that the strain of fungus has the extended hyphae and forms conidia, but did not form a sporangiospore. The sexual cycle was not observed. It is generally difficult to classify the fungi, which lack sexual cycles, by traditional fungal taxonomy. They can be just speculated to belong to Fungi Imperfecti (Deuteromycetes) morphometrically.
The genetic identification was also carried out precisely by the standard and well established methods, using 18 SrRNA and ITS1-5.8SrRNA-ITS2 genes. The 18 SrRNA and ITS1-5.8SrRNA-ITS2 genes were amplified by PCR. The primers for PCR were eight oligonucleotides from NS1 to NS8 designed by Takano et al. 9) for 18SrRNA gene, and ITS5 and ITS4 described by White et al. 10) in the ITS1-5.8SrRNA-ITS2 gene. The determined sequences were analyzed using the open reading frame prediction software ORF finder. According to Gen Bank by BLAST, 11) it was found that the fungus was closely related to be Paraconiothyrium sp. like strain. The details are described in elsewhere.
9)
Microbially induced deposition of Mn
A 500 cm 3 Erlenmeyer flask was filled with 100 cm 3 of the following medium at initial pH 6.3-7.3: MgSO 4 Á7H 2 O 0.6 g, CaCl 2 Á2H 2 O 0.07 g, MnSO 4 Á5H 2 O appropriate amounts (0-880 mg), peptone 0-0.05 g, yeast extract 0-0.05 g, HEPES (N-2-Hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid) 3.57 g for pH 7.0-7.3, PIPES (piperazine-N,N 0 -bis(2-ethane sulfonic acid)) 4.5 g for pH 6.6-6.8, MES (2-(N-morpholino)-ethane sulfonic acid monohydrate) 3.19 g for pH 6.4, per one liter of distilled water (PY medium). The pH was adjusted with 1 molÁdm À3 NaOH and 1 mol dm À3 H 2 SO 4 . The buffer reagents were selected depending on the required pH, and the concentrations of MnSO 4 , peptone and yeast extract were changed systematically. Triple experiments were conventionally conducted under the same conditions to deal with the obtained data statistically. The pre-culture of the fungus was carried out using the PY medium at pH 6.8 in which peptone and yeast extract concentrations were evaluated to be 0.5 gÁm À3 each, and Mn(II) compounds were excluded. The fungal colony is easy to form flocculates in the medium, therefore, it is difficult to obtain uniformed cell suspensions. For the inoculation, some colonies were picked up using a sterilized pincette, weight the required amounts, and then inoculated to the medium in a clean bench. Before inoculation, water contents were aseptically reduced as possible. For control purpose, sterilized experiments were also conducted in parallel. All flasks were installed in a rotary shaking culture-apparatus TS (Takasugi Kagaku) and the cultures were incubated at 25 AE 2 C and 100 rpm within 500 hours under light shielding. At intervals, the supernatants were sampled, and filtered by a membrane filter of 0.2 mm pore size, then diluted with a hydrochloric acid solution to determine the dissolved Mn species by atomic absorption spectrometry (AAS) (Thermo, SAA).
After completion of the fungal Mn oxidation, the precipitates were collected by filtration with a 5 mm pore size membrane filter. This filtrate was then lyophilized by a freeze-drier FD-5N (EYELA, Japan) for 48 h, and stored at 4 C prior to measurements of C. H. N. content and XRD. The C, H, and N contents in the biogenetic deposits were determined by C. H. and N. analyzer (Yanaco Co. Ltd., MT). The XRD measurements were carried out with an XRD Multi Flex (Rigaku, Japan) using CuK radiation at 20 mA and 40 kV.
Results and Discussion
Effect of pH on Mn(II) removal by the fungus was investigated as shown in Fig. 1 the fungal deposits by X-ray photoelectron spectroscopy.
13) It was found that the optimal pH was pH 6:45{6:64 for the strain. The optimal pH of the strain is the lowest among those of the previously reported Mn-oxidizing fungi. [4] [5] [6] Out of the optimal pH range the standard deviation became large. Figure 2 shows the effect of peptone and yeast extract on Mn-removal by the strain at the initial pH 6.6. The inoculum size was constant in 0.5 g wet weight in 150 cm 3 of PY medium. At 0.50 gÁdm À3 of peptone and yeast extract each in the PY medium, the fungus hardly oxidized Mn(II) ions, while the rapid fungal growth was apparently observed. The reduction of peptone and yeast extract amounts enhanced Mn(II)-oxidizing rate, although 0.01 gÁdm À3 each delayed the rate again. At 0.01 gÁdm À3 of peptone and yeast extract each in the PY medium, the apparent cellar growth was relatively suppressed, and enough Mn(II)-oxidizing rate was initially observed but was not maintained later. It was previously observed that fungal Mn-oxidation did not occur without organic carbon source with Phoma. sp.
6) Some carbon sources are necessary to oxidize Mn(II) ions by the fungus, but the excess amounts inhibit the Mn(II) oxidation. There is some reports concerning the mechanism of microbial Mn oxidation. Mn-oxidizing fungi release Mn-oxidizing enzyme, such as laccase and Mn-peroxidase, at the optimal conditions. Release of the enzyme might be regulated by carbon sources, pH, Mn concentrations, and other factors. The optimal dose of peptone and yeast extract was 0.05 gÁdm À3 each to oxidize 100 gÁm À3 of Mn(II) ions. Figure 3 shows the effect of inoculum size on Mn(II)-removal at the initial pH 6.6 in the PY medium containing 0.05 gÁdm À3 of peptone and yeast extract each. This suggests that the release of Mn(II)-oxidizing enzyme is insufficient to oxidize the given Mn(II) ions effectively in case of 0.10 g inoculated. In case of 0.10 g inoculated, Mn(II)-removal rate was slower than in 0.50 g. On the contrary, 1.00 g of inoculum size enhanced the rate initially within 40 h, but delayed after 40 h. In too large inoculated size, carbon sources are so largely consumed for the fungal growth that Mn(II)-oxidizing enzyme might not be produced enough to oxidize the given Mn(II) ions. Therefore, there should be the best mix among carbon sources and inoculated size under the given Mn(II) ion concentrations. 14) The rate is much faster than 12 mmolÁL À1 h À1 of strain KR21-2, 12) which is a Mn(II)-oxidizing fungus isolated from a river. As the initial Mn(II) concentration increased, the standard deviation became larger, indicating the poorer reproduciability. Although at the initial Mn concentration of 240 gÁm À3 the fungal oxidation was initially observed with the strain, the Mn(II)-oxidizing rate became stagnant after 100 hours. The pH has reduced to 5.34 and 5.36 at the arrow points in case of 190 and 240 gÁm À3 of the initial Mn(II) concentration ion as shown with bold lines in Fig. 4 . The gap of pH has increased with increase in the initial concentration of Mn(II), and is considered to be due to the formation of low molecular organic acids after decomposition of the organic carbon sources during the fungal metabolism. It is expected that the Mn(II)-oxidizing enzyme from the strain is inactive under the acidic conditions less than pH 5.36, and that the fungal Mn(II)-oxidation even above 150 gÁm À3 might be maintained to reduce the dissolved Mn to the detection limit under the pH controlled to above 5.8. The range between 5.4 and 5.8 is considered to be a transitional zone for activation of the enzyme. In case of 285 and 380 gÁm À3 as the initial Mn(II) concentration, the Mn(II) oxidation was observed after the lag time within 50 h (dotted lines). The Mn(II) oxidation rate became slow down after 168 h, where pHs were 5.22 and 5.16 in 285 gÁm À3 and 380 mgÁdm À3 of the initial Mn(II) concentration. The oxidation rate was recovered by the pH adjustment to 6.6, however, the rate became stagnant again around 280 h. At 280 h the pH was 5.8 where the fungal Mn(II) oxidation should be still possible. The stagnation is considered to be caused not by decrease in pH, but by shortage of the given carbon sources, that is, consumption of peptone and yeast extract to produce Mn(II)-oxidizing enzyme. There was no additional dose of peptone and yeast extract. The fungal Mn(II)-oxidation is expected to be connected with decomposition of organic nutrients as expressed for Mn peroxidase from Phanerochaete chrysosporium, which is the white rot Mn(II)-oxidizing fungus, reported by Glenn, et al. 15) and Pacsczynski et al. Fig. 4 is plotted as shown in Fig. 6 . Also the control data, which is sterilized, was added as solid symbols in the figure. The larger amounts of oxidized Mn by the strain lead the larger gap of pH in the medium during the fungal Mn(II) oxidation. Also the result means the fungal Mn(II) oxidation process is conjugated with decomposition of organic carbon sources to produce H þ ions. To achieve the high Mn(II) oxidation by the fungus, both pH control and the required amounts of carbon sources are essential. Figure 7 is a typical XRD pattern for the biogenic Mn deposits. The any patterns were essentially the same for the biogenic Mn deposits by the strain independent of initial Mn(II) concentrations, although the XRD pattern in Fig. 7 was collected for the biogenic Mn deposit when the initial Mn(II) concentration was 380 gÁm À3 at initial pH 6.6. The XRD pattern of the biogenic Mn deposit has a noisy background with an ambiguous, broad peak and two relatively sharp peaks, indicating that it is poorly crystalline, typical of most biogenic deposits. Two peaks at 12 and 37 in 2 are assigned to 002 of birnessite (Na 4 Mn(III) 6 Mn-(IV) 8 O 27 Á9H 2 O, JCPDS 23-1046), a broad peak near 2 ¼ 20 {25 can be tentatively assigned to 212 of birnessite. Although these assignments might not be definite, the biogenic Mn oxide contains birnnesite primarily, and the chemical forms of Mn in the biogenic Mn oxide is thought to be Mn(III) and/or Mn(IV) which were formed by the fungal Mn(II)-oxidation. It is reported that the fungal oxidation of Mn(II) produces Mn(III) directly by enzymatic reaction, but not Mn(IV). Instead, Mn(IV) is formed by disproponation of Mn(III). 17) If the disproponation is not complete, Mn(III)-oxides might be also mixed in the biogenic precipitates.
Conclusions
The Mn-oxidizing fungi, which was isolated from a constructed wetland, and morphometrically and genetically identified to belong to Paraconiothyrium sp., showed pronouncedly high Mn(II)-oxidizing rate. The optimal pH for the fungal Mn oxidation was between 6.45-6.64, which is the lowest among the previously reported Mn-oxidizing fungi. It was found that there is the best mix among carbon sources and inoculated size for the fungus to oxidize the given Mn(II) ions. Under the selected conditions, the fungus oxidized more than 300 gÁm À3 Mn(II) ions at neutral pH. It was also confirmed by determination of C H N contents in the biogenic Mn deposits that the fungal growth was not inhibited even by 380 gÁm À3 of Mn(II) ions. The strain is remarkably unique also in the point of having the high Mn tolerance and the activity to oxidize high Mn(II) ions. Additionally the strain is favoured to oxidize Mn(II) under the poorly nourished medium. These are advantages to apply to bioremediation in aquatic environments. The biogenic Mnprecipitates formed by the strain were poorly crystalline, and might contain birnessite as major mineral phase, according to XRD pattern. The chemical state of Mn should be mostly Mn (III, IV) in solid phase of the biogenic Mn deposit by the strain. 
